The advent of tip-timing systems makes it possible to assess turbomachinery blade vibration using non-contact systems. The most widely used systems in industry are optical. However, these systems are still only used on developmental gas turbine engines, largely because of contamination problems from dust, dirt, oil, water etc. Further development of these systems for in-service use is problematic because of the difficulty of eliminating contamination of the optics. Eddy current sensors are found to be a good alternative and are already being used for gas turbine health monitoring in power plants. Experimental measurements have been carried out on three different rotors using an eddy current sensor developed in a series of laboratory and engine tests in-house to measure rotor blade arrival times. A new tip-timing algorithm for eddy current sensors based on integration has been developed and is compared with two existing tip-timing algorithms: peak-to-peak and peak-and-trough. Among the three, the integration method provided the most promising results in the presence of electrical noise interference.
INTRODUCTION
Maintenance of modern aircraft and power plants is an important area of research. Modern aircraft engines and gas turbine power plant performance are increasing day-by-day and so is the maintenance cost. In order to reduce costs, active health monitoring systems are needed. Active health monitoring of gas turbine components ensures detection of potential failures and unnecessary down time, thus allowing timely maintenance.
Gas turbine components especially the blades are subjected to vibrations caused by dynamic loads. These loads are generated by various mechanisms such as rotor imbalances, varying blade tip clearance due to non-concentric casings, distortions in the inlet flow (caused by irregular intake geometries). The damage on the blade can lead to aerodynamic forcing causing high cycle fatigue. This has a major impact on safety and whole life costs. Detection of the changes in blade vibration modes and levels due to damage or deterioration would allow improvements to the inspection, repair and replacement process.
Non-Contact Strain Measurement System (NSMS) or Blade Tip-Timing (BTT) is routinely used in monitoring engine blades for research and development purposes. There are various methods to detect BTT that comprises, optical probes, eddy current, capacitive, Hall effect sensors etc [1] . All these sensors measure the arrival time of the blades. In the absence of any structural vibration, the time for the tip of a particular blade to reach the probe is dependent on the rotational speed alone. However, when the blade is vibrating, the blade arrival time will depend on both the amplitude and frequency of the vibration.
The eddy current sensor is the most robust and immune to contaminations when compared with industry standard optical probes. They are already being used in gas turbine power generation for in-service health monitoring on first stage compressor blades and on the last stage of steam turbine blades, whereas, the other type of sensors are still used on developmental engines due to their limitations.
Accurate determination of the blade arrival times is crucial to assess blade vibrations. General operating conditions of gas turbines result in blade tip speeds and amplitudes of the order 400 m/s and 0.1-0.3 mm. This means that a vibration mode occurs within 1 µs and to measure this, an accuracy of at least an order of magnitude greater (i.e 100 ns) is necessary [2] .
The aim of this research is to compare and show the performance and accuracy of a newly developed tip-timing algorithm that is based on integration with existing tip-timing algorithms: Peak-to-Peak and Peak-and-Trough.
Eddy current sensor FIGURE 1: Eddy current sensor [2] Experimental measurements were carried out using the eddy current sensor developed at the University of Oxford as shown in figure 1 [2] . Eddy current sensors are most commonly used for non contact proximity and displacement measurements due to their ruggedness and ease of manufacture. The sensors used here are of active type with a high measurement accuracy. The probe deploys a single coil to generate the magnetic flux and the same coil to measure the voltage generated by the eddy currents in the target. Further details on the development and testing of these sensors can be found in [2] . In the present tests only one sensor was used which had a diameter of 13 mm.
The Eddy current working principle deploys a multi-turn coil in close proximity to a target of interest. In a turbine configuration the coil is static and blade tips rotate past a radially positioned sensor. High frequency alternating current flows through the coil inducing currents in the planar surfaces cutting the axis of the coil. The currents act as to oppose the actively driven current in the coil. The net result is a change in dynamic electrical impedance which with an appropriate electrical network and electronics can produce signals representing the disturbance caused by the target, or blade tip.
A nature of this system is that the high frequency current runs at many times the frequency of the machine's characteristic 1st mode. This high frequency is termed the "carrier" and is readily removed by filtering. However, remnant small amplitude evidence will remain superimposed on the response. The residual carrier and other unwanted electrical signal sources hereinafter are referred to as "noise".
Experimental Setup
Three rotors with different diameter and blade profiles were rotated on a variable speed lathe machine. The rotors had 8 (figure 2a), 18 (figure 2b) and 36 blades (figure 2c), where rotors 1 and 2 had rectangular blades with some blades having an imperfection and rotor 3 was designed based on a typical turbine from an engine. All three rotors were manufactured in-house. Each rotor was spun at 3 different speeds: ⇡ 530, 1030 and 1670 RPM. For brevity, we only present the data for three cases as follows: 8 blade at 1030 RPM, 18 blade at 1670 RPM and 36 blade at 530 RPM.
The sensor was placed on the lathe tool post and the spacing from the blade tip to rotor was 3 mm. A precision encoder (see figure 2a ) that can generate 1 pulse for each revolution and a maximum of 1000 pulses per revolution was used to obtain the rotor speed. The encoder was placed on the tail stock of the lathe as shown in figure 2a.
The data acquisition system comprised of a Cleverscope R oscilloscope along with their proprietary data acquisition software. The data was acquired at 0.9 MS/s for the 8 and 18 blade rotors and 2.5 MS/s for the 36 blade rotor. The duration of acquisition was 4 s. Figure 3 shows the typical variation in angular velocity of the rotor. Notably, the fluctuations are within ± 1% and its influence on blade arrival times can be neglected in the present case. Figure 4 shows the data from the eddy current sensor and the encoder. As mentioned earlier, the encoder generates one pulse per revolution and 1000 pulses in a revolution. The raw data from the sensor typically has downward facing peaks whenever a blade passes. This data was inverted in MATLAB R for locating the peaks and calculating the blade arrival times. A tip-timing signal contains information on blade clearances and arrival times. The amplitude of the signal corresponds to the blade clearances (i.e high amplitude, low clearance and vice versa), while the xlocation of the peak gives the arrival time.
Description of tip timing methods
As mentioned earlier, the new tip timing method based on integration is compared with the two existing tip timing methods: Peak-to-Peak and Peak-and-Trough. The following sections describes each tip timing method in detail. Figure 5a shows a section of the data from the eddy current sensor. The peak-to-peak method estimates the time of arrival of each blade by measuring the time difference between successive peaks obtained from the sensor. The peaks are identified using the MATLAB R function "findpeaks". A minimum time difference between the peaks was given as an input so that the function doesn't find multiple peaks in the curve. In the peak-to-peak method of triggering, the clearances are unaccounted due to the fact that it only locates the peaks and not the height, whereas with the peak-and-trough and the new integration triggering methods, one can account for the height of the peaks.
Peak to Peak Method
Although this method is quite simple to implement and faster, it has a major drawback where the high frequency carrier wave ("noise") that excites the coil can cause unwanted peaks in the tip timing data. The peak finding algorithm can identify an incorrect peak caused by the noise instead of the actual peak (figure 5b). This will significantly affect the accurate estimation of blade arrival times. 
Peak and Trough Method
The peak-and-trough method [3] calculates the blade arrival time based on peak and trough of the signal. It takes the 50 percent value of the voltage difference between the preceding trough and the current peak and the temporal position at which this amplitude occurs on the curve (rising or falling part) giving the blade arrival time (figure 6a). Again, this method suffers from the same drawback as that of peak-to-peak where the noise in the signal causes error in identification of incorrect neighbouring peaks (figure 6b) and troughs (figure 6c).
Integration Method
This is a new method where a threshold voltage value is taken as the mean value of voltage during the run. For each curve, the algorithm identifies a point that is greater than and another point that is less than the threshold voltage. The midpoint between these two voltage values (i.e the point below the threshold of the previous curve and the point above the threshold of the next curve) are identified which mark the start and end of the integration limits for each curve. For example, consider figure 7a: To calculate the area under the curve "B" (Note: the 6: Tip timing data using Peak-and-Trough Method first curve "A" is excluded from integration as sometimes it is not possible to find the first integration limit due to the start of sampling), the integration limits start from point "a" and ends at point "b".
The area under the curve is calculated using the trapezoidal 
Once the area is calculated for a curve ("B"), the temporal position where the area reaches 50 % is calculated. This temporal position will be the arrival time for the blade. An advantage of this method is that the noise is symmetric throughout (figure 7b) and while integrating, the noise is averaged out. The size of the signal does not seem to matter with this method.
Comparison of the three methods on blade arrival time
Figures 8a to 8c show the comparison of arrival times for each blade with noise for the three rotors using three different tip timing algorithms. Notably, the variation in integration method is significantly less than the peak-to-peak and peak-and-trough methods. This is due to the fact that, as explained earlier, the noise significantly affects the blade arrival time evaluation. From these comparisons, we can justify that the integration method performs significantly better than the other two methods with the presence of noise. The next step in the analysis was to use a filter to remove the noise (remnant carrier wave and other unwanted signal sources). A low pass filter was used to remove the noise and smooth the curve using the "fir" and "filtfilt" function in MATLAB R . Figures 9a to 9c show the calculated blade arrival time for all three rotors with filtered data. Notably, the variation in arrival time has reduced significantly for the peak-to-peak and peak-and-trough methods when compared with the noisy data, but the arrival times are similar between the noisy and filtered data for the integration method. Table 1 shows statistical analysis of the data for the 6 cases. The mean values are found to be close (rounded off to seventh decimal place) for all three methods, but the standard deviations are quite large for the peak-to-peak and peak-and-trough methods. When compared with the integration method, we see a maximum variation of 12% (8 blade rotor) and a minimum of 2% (36 blade rotor) for the noisy data . With filtering, this variation reduces to a maximum of 4.6% (8 blade rotor) and a minimum of 0.19% (36 blade rotor). Overall, the new proposed method based on integration has shown to perform well in all cases. The method has been incorporated into simple electronics and is shortly to be validated on an industrial steam power turbine. However, one main disadvantage of this method is the net processing time involved and requirement of analogue and digital electronics.
Conclusions
A new tip-timing data processing method based on integration has been developed and tested for various cases. The method gave similar results for both signals with noise and filtered signals which proved that the integration method is able to eliminate the effect of the carrier and electrical noise in the signal.
Noise filtering improves the results of peak-to-peak and peak-and-trough methods to a large extent, suggesting that it is subjected to errors due to noise.
The results validate that the integration method can be used in the accurate determination of blade arrival times even with carrier and electrical noise present in the sensor and circuitry.
